Multiscale tool-fabric contact observation and analysis for composite fabric forming by Smerdova, Olga & Sutcliffe, Michael
Composites: Part A 73 (2015) 116–124Contents lists available at ScienceDirect
Composites: Part A
journal homepage: www.elsevier .com/locate /composi tesaMultiscale tool–fabric contact observation and analysis for composite
fabric forminghttp://dx.doi.org/10.1016/j.compositesa.2015.03.009
1359-835X/ 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author. Tel.: +44 (0)1223 332996.
E-mail addresses: Olga.smerdova@eng.cam.ac.uk, olga.smerdova@ensma.fr
(O. Smerdova), mpfs@eng.cam.ac.uk (M.P.F. Sutcliffe).
1 Present address: Institut Pprime, ISAE-ENSMA, 1 avenue Clément Ader 86961
Futuroscope, France.Olga Smerdova 1, Michael P.F. Sutcliffe ⇑
Department of Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, UK
a r t i c l e i n f o a b s t r a c tArticle history:
Received 18 December 2014
Received in revised form 3 March 2015
Accepted 5 March 2015
Available online 13 March 2015
Keywords:
A. Carbon Fibre
A. Fabrics/textiles
E. Forming
FrictionThis paper provides measurements and analysis at the meso and microscopic scales of the real contact
area between twill carbon fabric and a ﬂat glass counterface. The mesoscopic contact area associated with
tow contacts is about 55–75% of the nominal area. However, the total real contact length within the tow
contacts, associated with microscopic contact at the ﬁbre level, is only 4–8% of the idealised contact con-
ditions with parallel touching ﬁbres, for a nominal contact pressure of around 2 kPa. The dependence of
real contact area on fabric shear angle is also investigated. The estimated real contact pressure is 15,000
times higher than the nominal contact pressure. Models or experiments of friction in composites forming
which do not take into account the real contact situation, which is very far from an idealised packing
arrangement, may fail to capture the essential tribological mechanisms.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Shear is the main deformation mechanism in textile forming,
independently of forming process and fabric type [1–3]. As a textile
is formed into a curved shape, the shear angle varies locally over
the part, reaching a maximum shear angle of up to 60 [4]. This
is the case for dry or pre-impregnated woven and non-crimp fab-
rics with any type of polymer binder. In many composite forming
processes, internal shear deformation occurs in conjunction with
a compression load applied by a metal or rubber tool, which is used
either to give the composite part the desired shape before ﬁlling it
with resin or to reduce the voids between already-impregnated
prepregs. As well as internal fabric shear, there may be gross slid-
ing between the tool and fabric and between plies in a multi-ply
stack, with details depending on the composite architecture and
processing method. During the forming process, friction between
the composite ply and the tool, and between composite plies,
may play an important role in shaping the part and may also affect
the formation of local defects such as wrinkling in the composite
part.
Textile shear behaviour at the macro and mesoscopic scales is
usually investigated either by bias extension or picture frame tests[5–10]. Shear characteristics obtained by these tests or by virtual
experiments [11,12] are used in textile forming simulations.
Most of the numerical modelling work presents the fabric either
as a macroscopic deformable solid without details of the internal
structure, or as a set of woven tows deﬁned at the mesoscopic scale
[13–19]. There are only a few numerical models which regard com-
posite fabric as composed of individual ﬁbres at the microscale
[20,21]. Due to the computational cost, the tows contain only a
relatively few ﬁbres, far from the situation of real fabrics with
thousands of ﬁbres in a tow. Mesoscopic models seem the most
promising approach, as they represent a compromise between
the time of computation and the accuracy of representation of
internal deformation. The mesoscopic contact area between
tows and a tool is one of the results provided by such models. At
this scale, each tow/tool contact spot is of the order of tens of
square millimetres, and the total ply/tool contact area is com-
posed of many of these mesoscopic contact spots. It is
generally assumed that, since each tow is densely packed with
ﬁbres, each mesoscopic contact spot is fully ﬁlled with ﬁbre
micro-contacts [11,13,16,29,33,38–40]. However, to our knowl-
edge, this hypothesis has not been veriﬁed. The experimental work
presented in the current paper enables veriﬁcation of whether this
widely accepted hypothesis is correct and, therefore, will
contribute to the further improvement in accuracy of composite
forming simulations.
A number of experiments have been done to measure friction
between fabric and a metal tool [22–31]. The friction force is usu-
ally measured while sliding a large piece of fabric against a metal
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Fig. 1. Experimental rig: (a) photograph; (b) deformation schema.
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apparent contact surface. This approach does not represent com-
posite forming accurately for two reasons. Firstly, there is an
ambiguity associated with the ply/tool friction term. While the
friction force measured in these experiments is due to sliding fric-
tion between two macroscopic continuous solids, in real forming of
curved composite parts most of the frictional energy is dissipated
by local ply/tool friction due to shear. The former friction type is
characteristic for the fabric/blank holder relationship. By contrast,
the latter friction type is relevant for the moulded area which
undergoes high shear deformation under the compression force
applied by the tool. This latter type of friction is very different from
the fabric/tool sliding friction and needs to be understood to model
accurately forming of these materials.
Secondly, in order to understand and to model friction-related
phenomena accurately, ply/tool contact should be investigated at
the microscopic level. The understanding gained from such an
approach can also inform design and characterisation of appropri-
ate experiments. As far as we know, the real contact area in fab-
ric/tool contact has not previously been measured. The real
contact area between solids is often much smaller than the
apparent one and depends on the surface topography, material
and normal load. For instance, the ratio between real and appar-
ent contact areas for metal/metal contact is typically about
0.5  106 under a normal pressure of 1.4 kPa [32]. On the other
hand, for the contact of two elastomers, this ratio can be close to 1.
Recently, a contact model for fabric/tool friction was introduced
[33], which looks at the inﬂuence of roughness on the metal
tool on friction in fabric forming. Considering contact at the
mesoscopic level, this model uses an assumption of an idealised
packing of parallel touching ﬁbres within each tow/tool contact
spot. However, this critical assumption has not been veriﬁed.
Moreover, high shear deformation of fabrics during forming
induces dramatic surface changes, as seen by the naked eye and
through microscope observation [34,35]. Does the real contact
area and local friction change during shear due to these
mesoscopic tow deformations?
In this paper, we will present a methodology to investigate
microscopic fabric/tool contact under shear loading, and apply this
to the forming of twill fabric. The aim of this study is to bridge the
gap between modelling of fabric forming and real forming pro-
cesses and to provide experimental data of real contact area in fab-
ric forming that can be used in modelling simulations. To do so, we
use a novel experimental rig and method described in detail in Ref.
[36]. In particular, Ref. [36] presents an analysis of the deforma-
tions and forces applied by the experimental rig, discusses the
similarities and differences of this method comparing to the classi-
cal shear experiments, and describes an image analysis algorithm
used to extract the images of ﬁbre contact. The focus of the current
paper is to take this method for identifying contacting ﬁbres and
use this in a multiscale analysis of composite fabric/tool contact
under shear loading.
This paper studies tool/fabric contact of dry twill carbon fabric,
representing the pre-forming step for a resin transfer moulding
process. The contact pressure used here is of the order of real form-
ing pressures applied to the fabric in a highly deforming area,
where shear takes place during the pre-forming process. The
method presented works for contact between a glass plate and car-
bon ﬁbres and can be used for any carbon ﬁbre composite architec-
ture (UD, fabric, NCF, 3D. . .). Moreover, wet contact of carbon fabric
impregnated with polymer matrix can also be studied by the
method presented. In principle, a contact with other optically
reﬂective ﬁbres can be measured using the same technique if the
optical properties and thickness of the semi-reﬂective coating are
adjusted. The use of glass as a counterface is imposed by the
combination of transparency and hardness of this media.Curvature of the glass plate could be introduced to simulate a
curved mould, but this would require correction of the associated
contact image distortion.
2. Materials & methods
2.1. Experimental method
This paper uses a micromechanical experimental rig which has
been developed to investigate composite forming behaviour at the
microscopic scale. The details of the rig and the methods used to
identify individual ﬁbre contacts are given in [36], and here we
give a brief overview. The loading rig is illustrated in Fig. 1. A
key feature of the rig is the ability to observe the evolution of
microscopic contacts under simultaneous application of shear
and compression loadings. A composite fabric sample of size
80  80 mm2 is compressed via a screw-spring arrangement
between two glass plates with a gauge area of 45  20 mm2. Two
linear motors pull the fabric in opposite directions at ±45 to the
tow orientations, thereby increasing the shear angle between
crossing tows. An open shear frame is used to clamp the specimen
and connect it to the motors. The rig is placed under an optical
microscope equipped with a camera.
A semi-reﬂective optical coating was deposited on one of the
glass plates to enable direct contact observations. Such a coating
is often used in tribological experiments to measure the thickness
of lubrication ﬁlms in ball/disc sliding contacts. The optical ﬁlm has
two layers, a base layer of chromium and a top layer of silica in
contact with the fabric sample. The thicknesses of both layers
(140 nm for the SiO2 and 8 nm for the Cr) were optimised for our
application in order to obtain the best contrast of carbon ﬁbre con-
tacts. A Matlab algorithm to analyse the obtained images and
detect ﬁbre contacts was developed and described in Ref. [36]. In
brief this uses a combination of ﬁltering and thresholding to iden-
tify bright, elongated features corresponding to the ﬁbre contacts.
The algorithm scans an image which contains clearly visible bright
contact areas and detect lines corresponding to ﬁbre contacts.
There is insufﬁcient image resolution to measure accurately the
width of individual ﬁbre contacts, so only the length of the ﬁbre
contacts is measured by the algorithm, enabling a calculation of
the total contact length in the image. Because of the clear contrast
produced by the optical ﬁlm, identiﬁcation of contacts is a rela-
tively straightforward and unambiguous process. Several coated
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Fig. 2. (a) Macro-, meso- and micro-contact areas and (b) shear angle h deﬁnitions.
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noticeable. However, only a few scratches appeared on the surface,
which did not affect the efﬁciency of the image processing
algorithm.
To obtain a representative area of the fabric, it is necessary to
observe an area comprising at least several tows and their cross-
overs. Therefore, several adjacent images were taken at an appro-
priate resolution to identify the individual ﬁbre contacts and then
patched together to give a larger area which allows multiscale
examination of the fabric deformation. When the microscopic
measurements were complete for one conﬁguration, the spacing
between the two motors was increased to induce further fabric
shearing, and the imaging was repeated.
2.2. Materials
The method outlined above can be used to analyse fabric/tool
contact for a wide range of composite materials and architectures.
In this paper, we present experimental results obtained for one
composite fabric which was used to develop and validate the pro-
posed method. This is a 2  2 twill-woven T700 carbon ﬁbre fabric
with 24 K tows and without binder, having an areal density of
400 gsm. A square sample of 80  80 mm2 area was cut from a fab-
ric roll. The tows 20 mm away from the sample centre were
removed leaving the central square woven area of 40  40 mm2.
This was done to minimise friction between tows outside the
clamped area between the glass plates. The specimen was clamped
into the open shear frame so that the tows run parallel to the frame
sides.
The glass plates used to compress the fabric were made
from heat-toughened soda lime ﬂoat glass. They had a surface
average roughness of Ra = 0.0082 ± 0.0003 lm and Rq = 0.0104 ±
0.0005 lm as measured with a contact proﬁlometer (Form
Talysurf 120, Taylor Hobson, Leicester, UK).
2.3. Experimental conditions
Three micromechanical quasi-static experiments were carried
out for the validation of the experimental method. Firstly, a
composite fabric specimen was sheared under the weight of
the top glass plate without any additional compressive loading.
Lateral motion of the glass plates was restricted by the loading
screws running through the glass plates. The applied normal
load in this case was equal to 0.23 N, corresponding to a nominal
contact pressure of 0.26 kPa. Then, a similar experiment was car-
ried out under a compression load of 1.77 N. This load corre-
sponds to a normal pressure of 1.9 kPa on the total
compressed fabric area at the beginning of the test. Finally, the
repeatability of the experiments was veriﬁed by repeating the
experiment at a compressive load of 1.77 N. The contact area
images were taken with 5–6 regular displacement steps. All
the experiments presented in this paper were performed at room
temperature and humidity. Thus, several shear cycles of loading
and unloading were done on the same specimen before the tests
whose results are presented here. At the end of each experiment,
the specimen was returned to its initial state and the compres-
sion load removed. The same specimen was used for two loading
conditions to allow the comparison of contact area between dif-
ferent tests.
2.4. Glossary of image analysis results
Various parameters can be extracted from an image of the real
microscopic contact of a composite fabric. In this section, we deﬁne
the parameters used and outline how they are measured.Three scale deﬁnitions – macroscopic, mesoscopic and
microscopic – are shown in Fig. 2(a), following the established
terminology [13], i.e. macroscopic deals with the deformed shape
of the composite fabric, mesoscopic is at the scale of the tows
and microscopic is at the scale of the ﬁbres.
Apparent contact area Aapp/pressure papp are related to the whole
sample area clamped between the two glass plates.
Microscopic shear angle hmic is calculated as 90  2b, where the
tow cross-over angle 2b is the difference in orientation of the
opposing sets of tows, as illustrated in Fig. 2(b). This shear angle
is termed microscopic, because in the analysis the orientations of
tows is derived from all the local ﬁbre contacts making up each
tow contact.
Macroscopic contact area Amac is the total area examined under
the microscope (termed ‘‘macrocontact’’ in Fig. 2(b)). In subse-
quent analysis, the area of an array of 8  9 images taken with
an optical magniﬁcation of 5 is considered. This represents an
apparent contact area of 19.33  16.31 mm2.
Mesoscopic contact area Ames is the area inside the envelope
curve for all local ﬁbre contacts within a given tow. It can be
viewed as the apparent contact area for a tow.
Microscopic contact length Lmic and area Amic: The microscopic
contact length Lmic is a sum of the lengths of each of the local
ﬁbre contacts within the macrocontact Amac, while Amic is the
corresponding area of contact.
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The experimental method provides images of the local ﬁbre
contacts over the observation area Amac. This area was chosen so
that at least four whole tow contacts can be observed at each step
of the deformation.
An example of part of the macroscopic observation area, includ-
ing one whole tow contact, is presented in Fig. 3. The micro-contact
of individual ﬁbres for this tow is clearly seen, along with the
mesoscopic boundaries of the tow contact. Not all the ﬁbres are
aligned in the same direction, but the orientation of most of them
coincides with the overall tow orientation.
Fig. 4 presents the ﬁbre contact patches over the whole macro-
scopic area Amac for ﬁve deformation steps with each of the three
experiments. The change in shear angle is clearly visible from theFig. 3. Real area of ﬁbre contact for a complete tow contact at the beginning of the
ﬁrst test with a compressive load of 1.77 N.
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3.1. Mesoscopic analysis
The overall contact patches presented in Fig. 4 show that all
tows elongate longitudinally and shrink transversally with increas-
ing shear angle. The mesoscopic contact area Ames, which is deﬁned
as the envelope of all local ﬁbre contacts within a tow, is deter-
mined by ﬁnding the convex hull using a standard Matlab analysis
function, as illustrated in Fig. 3.
Fig. 5 shows the variation with shear angle h of the average
value of the mesoscopic contact area Ames for the four tows in each
macroscopic area Amac, for all three microscopic measurements.
Error bars show the standard deviation of the four tows within
each set of measurements. Note that the fabric shear angle is deter-
mined from the microscope analysis; details are given below. This
plot shows that Ames is roughly independent of the fabric shear.
This result is not obvious, taking into account the way that the
shape of each mesoscopic contact changes signiﬁcantly during
deformation. Apparently the effects of longitudinal elongation
and transversal shrinkage of the tows approximately cancel each
other. The higher normal load gives a higher mesoscopic contact
area. However, the repeated deformation and loading with the
same sample could also be a reason for part of this increase, as
indicated by the difference between the two experiments with a
compressive load of 1.77 N. As the deformation is repeated, it
appears that the carbon tows become more compliant and deform
more easily, which may lead to a larger contact area.
A mesoscopic contact density Dmes, which gives an effective
contact area ratio for the tows, is deﬁned as the ratio of the
area of the N tow contact envelopes deﬁning the mesoscopic
contact area to the corresponding total nominal contact area Amac
as follows:θ = 30° θ = 43° 
θ = 38° θ = 59° 
θ = 29° θ = 46° 
scopic area Amac used in the analysis.
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PN
i¼1Ames;i
Amac
 100% ð1Þ
The variation of mesoscopic contact density (expressed as a per-
centage) with fabric shear angle is presented in Fig. 6. As expected,
the contact density is higher for the higher load. The mesoscopic
contact density is constant at lower shear angles up to a shear
angle of about 30 and then increases signiﬁcantly with increasing
shear angle in both tests.
In general, the contact density at this mesoscale is rather high,
i.e. 55–75% for the 1.77 N compressive load and 35–50% for the
load of 0.23 N. These values can be compared with the values pre-
sented by [37] for a balanced 5HS satin carbon fabric. Applying
apparent contact pressures of 20, 60 and 100 kPa, this paper
reported measured mesoscopic contact densities of 24%, 39% and
45%, respectively, using a sticky tape to visualize mesoscale con-
tacts. Taking into account that the apparent contact pressure in
our experiment is signiﬁcantly lower (0.26 and 1.9 kPa for the0.23 and 1.77 N loads, respectively), it is surprising that the meso-
scopic contact density measured in-situ in our experiments is
higher for almost all tests. Perhaps differences in the measurement
methodology gave differences in the area ‘counted’ as being in
contact.
To conclude this section, it is worth noting that the mesoscopic
contact area is a parameter that might be estimated with reason-
able conﬁdence from composite forming simulations. The values
of mesoscopic contact area and pressure provided by the current
experimental method could be used to validate such simulations.3.2. Microscopic analysis
3.2.1. Shear angle
Fig. 7 plots histograms of the orientations of each local ﬁbre
contact identiﬁed within the macroscopic contact area, grouped
by tow. The three subplots in Fig. 7 show results for progressively
increased deformation, for the second shear test with a compres-
sive force of 1.77 N. The orientations of local contacts are analysed
for two tows in each of the ‘‘positive’’ and ‘‘negative’’ orientations.
Fig. 7 shows that micro-contact orientations are distributed nor-
mally with a similar distribution for two parallel tows. Due to
slightly unsymmetrical loading, the positive and negative tows
do not deform symmetrically, giving differences in the shape of
the orientation distributions. Taking the ﬁbre orientation at the
peak of each distribution as the representative tow orientation,
the difference between the peak locations for positively and nega-
tively oriented tows gives a microscopic measurement of the angle
2b between tows. The shear angle hmic, indicated on the left of each
subplot, equals 90  2b. These angles are calculated for each
deformation step with all three microscopic experiments and are
used in other plots to characterise the deformation.3.2.2. Contact length
The microscopic analysis allows evaluation of the length of con-
tact between ﬁbres and the glass plate. To characterise the contact
geometry, we deﬁne a microscopic ﬁbre contact density Dmic as the
ratio of the actual line contact L to that corresponding to an ide-
alised packing geometry of parallel touching ﬁbres over an area A.
For ﬁbres of diameter d (taken as 7 lm as speciﬁed by the
manufacturer) this gives:
Dmic ¼ dLA  100% ð2Þ
A value of Dmic = 100% corresponds to perfect packing of ﬁbres
at the contact plane, while a value below that indicates reduced
contact between the ﬁbres and the glass. In the following para-
graphs the ﬁbre density is deﬁned in two ways, either with respect
to the overall area of contact or as a local density based just on the
tow contact patches.
The overall microcontact density Dmic/all is given by equating the
contact length in Eq. (2) as the sum of the contact lengths for all N
local ﬁbre contacts, with the normalising area taken as the total
analysed area Amac, to give
Dmic=all ¼ d
PN
i¼1Lmic;i
Amac
 100% ð3Þ
The evolution of the overall contact density Dmic/all with increas-
ing shear angle hmic is plotted in Fig. 8. The overall contact density
in all cases is less than 4%. The contact density for a compressive
force of 0.23 N does not change signiﬁcantly with fabric shear
angle. The contact density is higher for the higher load of 1.77 N
than for the lower load, decreasing with shear deformation up to
θ = 11°
θ = 20°
θ = 43°
Local fibre orientation 2β, deg
Fig. 7. Distribution of the local ﬁbre orientation in each of the four tows within the chosen macroscopic area with a compressive load of 1.77 N.
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value. There is good repeatability for the two experiments per-
formed at a load of 1.77 N.
In order to estimate the potential error for these measurements,
the effect of the size of the analysed area Amac on the accuracy of
the results was investigated. Each area Amac consists of nine rows
of eight microscopic images. The width of this area spans the glass
plate. However, only a subsection of the width of the specimen(equal to 27 rows of microscope images, with 8 images in each
row, at the beginning of the experiment) is used in the analysis
to reduce the observation time. To check that the reduced analysis
area is sufﬁcient, the contact areas are calculated individually for
each of the nine rows in Amac and the standard deviation s1 of these
nine areas found. The standard deviation of the contact area for the
whole measurement area comprising all nine rows is then esti-
mated as s9 ¼ s1=
ﬃﬃﬃ
9
p
. These standard deviations, which are taken
as an estimate of the error in the measurement of contact density,
are plotted as error bars in Fig. 8 and are found to be acceptable
compared with the differences in contact area.
The above results normalise the contact length by the overall
area. However, as noted in the previous section, the tow contact
area is only a proportion of the overall area of nominal contact.
Hence, to understand the local contact conditions, it is useful to
calculate the micro-contact density of local ﬁbre contacts Dmic/tow
based on the mesoscopic contact area of the four measured tows
as follows
Dmic=tow ¼ 14
X4
i¼1
Lmic;id
Ames;i
 100% ð4Þ
The variation of this tow micro-contact density with micro-
scopic shear angle hmic is plotted in Fig. 9. The mean value from
four tows in each macroscopic area Amac is calculated and shown
in Fig. 9, with the standard deviation in the micro-contact density
within these four tows shown by error bars. Fig. 9 indicates that
the tow micro-contact density does not change signiﬁcantly with
the shear angle for the low compressive load, but decreases gradu-
ally with increasing shear angle for the higher load. The values of
this tow contact density are very small, i.e. about 2–3% for the
low load and between 4% and 8% for the tests with a compressive
load of 1.77 N.
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Fig. 9 indicate that the conﬁguration of the ﬁbres at the contact
plane is far from an idealised arrangement of touching parallel
ﬁbres. This result is analogous to the case of random-packing of
spheres, where there is an upper limit on density of 63.4% some-
what below the ideal close-packed value of 74% [41]. Here ‘‘jam-
ming’’ leads to conﬁgurations away from the ideal arrangement
of the spheres, with local friction playing an important role in con-
trolling the behaviour.
It is also interesting to draw an analogy with soil mechanics,
where the strength of soil can be understood using a model with
local frictional contacts [42]. The difference between spheres or
approximately equiaxed particles and the long ﬁlaments of ﬁbre
composites changes considerably the scope for non-idealised
stacking associated with three-dimensional arrangement of ﬁla-
ments within the tow. Examination of the contact images, Fig. 3,
suggests that a few randomly-oriented ﬁbres can bridge many
other ﬁbres creating a small contact density. Taking the soil anal-
ogy further, changes in the normal contact pressure might be
expected to have a relatively minor role as the frictional forces
resisting the relative motion of ﬁbres rise in conjunction with the
normal forces. Furthermore reduced friction between ﬁbres, per-
haps associated with sizing or resin, could enhance conformance
and so increase contact density. In fact a motivation for including
fabric shearing in the current work was to examine the hypothesis
that relative sliding of ﬁbres due to fabric shear would ‘break the
friction’ and increase the contact density. However the results do
not support this hypothesis. Whatever the exact mechanisms, this
discussion implies that details of the ﬁbre conﬁguration and of the
local contact between ﬁbres (associated both with different ﬁbre
manufacturing details and with different fabric processing condi-
tions) might be expected to affect the contact area and hence fric-
tion conditions considerably.
3.2.3. Micro-contact area
Although the length of the ﬁbre contacts can be measured from
the microscopic images, their resolution is insufﬁcient to give an
accurate estimate of the contact width. However, assuming a circu-
lar ﬁbre cross section (which is appropriate for the T700 ﬁbres of
this study), Hertz theory for elastic contact between a cylinder
and a plane [43] provides a theoretical estimate for the width of
the contact between a ﬁbre and the glass plate. The half-width of
contact a is given asa ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4dN
2pELmic
s
ð5Þ
where the load N over the contact patch is identical to the applied
load, assuming uniform pressure over the gauge section, and the
contact length Lmic, which varies with shear angle h, is taken from
the microscopic evaluation. The effective elastic modulus E⁄ is cal-
culated from the elastic moduli ECF and Eglass and Poisson’s ratios
mCF and mglass of the carbon ﬁbre and glass, respectively
1
E
¼ 1 m
2
glass
Eglass
þ 1 m
2
CF
ECF
ð6Þ
Values used for these calculations are Eglass = 69 GPa,
ECF = 17 GPa, mglass = 0.24, mCF = 0.31. Because of the loading, the
average transverse modulus and Poisson’s ratio of T700 carbon
ﬁbre measured by laser resonant ultrasound spectroscopy [44]
are used in this expression, while standard properties are used
for the glass [45]. The difﬁculty of measuring the transverse modu-
lus and Poisson’s ratio of carbon ﬁbres is a source of uncertainty in
the contact width estimate. In principle the contact half-width
depends on the shear angle (via the contact length) and the load,
but in fact the variation with these parameters is relatively small,
with the estimated contact half-width taking a value of
0.0183 ± 0.0035 lm for all measurements under both loads.
Although the T700 carbon ﬁbres used in this study are rather
smooth, as can be seen in AFM images [38], in general there will
be nanoscale roughness on the ﬁbre surface. Such roughness
depends on the ﬁbre type, being affected by the heat and surface
treatment used for the ﬁbre manufacture. The effect of nanoscale
roughness is not taken into account in the present study, but such
roughness will tend to decrease the contact area and, conse-
quently, increase the real contact pressure.
Based on our estimates of the contact half-width and the mea-
sured microscopic contact length, the total micro-contact area Amic
is calculated:
AmicðhÞ ¼ 2LmicðhÞaðhÞ ð7Þ
This real contact area, averaged over the different shear angles
for each load, equals 0.0094 ± 0.0013 mm2 and 0.0519 ±
0.0005 mm2 for the tests with compressive loads of 0.23 and
1.77 N, respectively. These real contact areas correspond to
0.003% and 0.017% of the macroscopic (nominal) overall contact
area, respectively. These calculations demonstrate that, although
the normal load signiﬁcantly affects the real microscopic contact
area, the ratio of the real to apparent contact area remains extre-
mely small. On the other hand, the variations of real contact area
with shear angle are not so important.
3.3. Contact pressures
In order to estimate macroscopic contact pressures, the experi-
ment with a compressive load of 1.77 N was repeated a third time
whilst viewed by a standard camera recording images of the whole
specimen during shear. The apparent contact area Aapp of the
region of the specimen clamped between the glass plates was mea-
sured from the images, being 900 and 628 mm2 at the start and
end of the experiment, respectively. At the same time, a thickening
of the specimen was measured in order to estimate the change in
compression force during the test associated with the correspond-
ing compression of the loading springs. It was found that the nor-
mal force increased from 1.77 to approximately 2.17 N, which
corresponds to apparent contact pressures of 1.97 and 3.45 kPa
at the start and end of the test, respectively.
Based on these values, the mesoscopic contact pressure can be
calculated as
Table 1
Apparent, mesoscopic and real microscopic contact pressures calculated for the start
and the end of the shear test with a compressive load of 1.77 N.
Apparent
contact
pressure, papp
(kPa)
Mesoscopic
contact pressure,
pmes (Eq. (8))
(kPa)
Real contact
pressure, pmic
(Eq. (9)) (kPa)
Start of test (h  20) 1.97 3.45 30.8  103
End of test (h  50) 3.45 4.73 41.6  103
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For this estimate, Dmes is taken as 57% and 73% at the start and
end of the test, respectively (see Fig. 6), and normal loads and
apparent areas are taken from the experiment recorded by the
standard camera. Substituting these values into Eq. (8), the meso-
scopic contact pressures are calculated as 3.45 kPa and 4.73 kPa,
respectively.
The average real contact pressure pmic based on the microscopic
contact area can be calculated as the ratio of the applied compres-
sion load and the total real contact area calculated using the Hertz
model, giving:
pmicðhÞ ¼
NðhÞ
2aðhÞLmicðhÞ ð9Þ
Since the compressive load of 0.23 N was constant during the
test (this load was not regulated by the springs as with the higher
load, but applied only by the weight of the glass plate), the average
real contact pressure can be calculated for the whole range of shear
angles in this case. This equals 24.8 ± 3.65 MPa, following an
inverse relationship with Dmic and hence changing only slightly
with shear angle. The real contact pressure with a compressive
force of 1.77 N can only be calculated at the start and end of the
test due to a lack of continuous measurement of the normal load
during the test. Considering the increase of compression load from
1.77 N to 2.17 N between the start and the end of experiment, the
real contact pressure varies between 30.8 MPa and 41.6 MPa.
Apparent, mesoscopic and real contact pressures for the start
and end of the test at a contact load of 1.77 N are summarised in
Table 1. This table demonstrates that, while the mesoscopic con-
tact pressure is about two times higher than the apparent pressure,
the microscopic, or real, contact pressure is thousands of times
higher due to the extremely small real contact area.
4. Conclusions
Information about the real contact area and real contact pres-
sure is critical to developing tribological models of composites
forming and to better design appropriate experimental measure-
ments characterising friction. This paper describes an investigation
of the true contact area at the ﬁbre level, presenting results
obtained whilst shearing of twill carbon fabric under compressive
load. The main conclusions, taken from results with a compressive
load of 1.77 N corresponding to a contact pressure of 1.9 kPa, are:
 the meso-scale contact density (i.e. the tow contact area relative
to the nominal area) is between 55% and 75% for the whole
range of shear angles considered;
 the micro-scale contact density within a tow contact (i.e. the
ﬁbre contact length relative to an idealised conﬁguration
with parallel touching ﬁbres) is just 4–8%, indicating that the
ﬁbre arrangement at the contact is far from the idealised
conﬁguration; the micro-scale contact density varies signiﬁcantly with fabric
shear;
 the real contact area, obtained from the measured ﬁbre contact
length and using Hertz theory to estimate the contact width, is
only about 0.017% of the macroscopic contact area and does not
change signiﬁcantly with fabric shear;
 the real contact pressure at the ﬁbre level is estimated as about
15,000 times higher than the apparent contact pressure.
The implication of these ﬁndings is that models of tribology in
composites forming and experiments characterising friction need
to consider non-idealised ﬁbre packing arrangements in any con-
tact model. Fibre packing and hence tribological conditions may
be inﬂuenced strongly by details such as ﬁbre material, tow manu-
facturing details, ﬁbre sizing, the presence of resin and resin
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